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Plasmon resonant excitation in grating-gated AlN barrier transistors at terahertz frequency This paper describes the plasmon resonances in AlN/GaN high electron mobility transistors. It is shown that wide tunable resonances with the frequency located at terahertz band can be obtained in this material system. The results originate from the ultra-high electron density induced by the polarization effect and higher order plasmon excitation. At room temperature, the dielectric response caused by phonon-polariton interactions obliterates the higher order plasmon resonances at frequency higher than 10 THz. However, the viscosity contribution to the damping of plasmons is very small in these devices. Our results also show the potential of this device for terahertz applications. Recently, terahertz (THz) technology has grown dramatically due to its inherent advantage in the applications of security, spectroscopy, and imaging systems. 1 Resonant absorption of THz radiation by two-dimensional (2D) plasmons in field effect transistors (FET) or high electron mobility transistors (HEMTs) has been the focus of tunable THz detectors. [2] [3] [4] [5] [6] [7] [8] [9] The plasma wave in the gated 2D channel of FETs/HEMTs has a linear dispersion law, [10] [11] [12] [13] [14] x ¼ sk, where k is the plasma wave vector, s ¼ (eN 2D /m * e 0 e r ) 0.5 is the wave velocity, and N 2D is the sheet electron density in the channel, e 0 and e r are permittivity of vacuum and dielectric constant of the barrier, respectively.
The plasmon resonant conditions can be satisfied if the gate length of FET/HEMT device is a multiple of the plasmon half-wavelength. 9, [15] [16] [17] [18] As for GaAs/InGaAs-based HEMTs, the plasmon resonances above 1 THz can be reached after scaling the gate length into deep-submicron region. 9, 19, 20 However, short gated plasmons couple very poorly with THz radiation due to a small net dipole. The leakage of gated plasmon energy causes significant broadening of the resonant photoresponse. 15 Therefore, several coupling structures such as metal-wired grating structure, 6, 21 multiple transistors connected in series, 22 and doubly interdigitated gratings 23 have been explored for improving the efficiency of plasmon excitation.
Another important purpose for using the grating structures is to increase the operating frequency of devices with the help of exciting higher order plasmon resonances. [24] [25] [26] In this paper, plasmon resonances in III-Nitride material system have been investigated. Due to strong spontaneous and piezoelectric polarization in III-Nitride materials, higher electron density can occur in the channel of GaN-based HEMTs. This leads to the fundamental frequency of plasmon resonance in GaN-based HEMTs much higher than that in other III-V devices with the same dimensionality. Recently, important progress has been made in material quality and device processing in high Al mole fraction GaN-based HEMTs in order to further increase the electron density. 27 However, there are still limited reports about the properties of plasmon resonance in these devices. Therefore, it is necessary to explore the potential of this device for THz applications.
It is known that a conductive channel layer can support two elementary plasmons with symmetrical (SM plasmon) and asymmetrical (ASM plasmon) charge distributions. 28 The dispersion of SM plasmons (i.e., longitudinal plasmonic oscillation) in the channel layer can be obtained based on the screening theory developed in previous works as in Refs. 29 and 30 (SI unit)
where k is the plasma wave vector, n s is the equilibrium sheet electron density in the channel, m * is the effective electron mass. e* is the effective permittivity depending on the geometry of the device structure. 6, 31, 32 In the longwavelength approximation (kd ( 1, d is the thickness of barrier layer), the dispersions of SM plasmons in the channel with and without gate added can be reduced as
where e 0 , e r , and e 2 are the vacuum permittivity, and dielectric constants of the barrier layer and substrate, respectively. For a device with narrow grating-slit and weak spatial modulation of electron density, the wavevector k 1 of gated plasmon satisfies the selection rule 2pn/L (L is the grating period, n ¼ 1, 2, 3, 4…) (Refs. 6, 9, 25, 26, 31) due to the fact that the spatial waveform of the plasmon occupies almost the entire period of the transistor structure. Accordingly, the wavevector k 2 of ungated plasmons should be a)
Authors to whom correspondence should be addressed. Electronic addresses: wdhu@mail.sitp.ac.cn and xschen@mail.sitp.ac.cn. (2nÀ1)p/s (s is the width of grating-slit, n ¼ 1, 2, 3, 4…) (Refs. 6 and 31) due to the large decay of the plasmonic oscillation along the channel. In referring to the ASM mode (which has dipole-oscillation vertical to the 2D channel plane), we have made following approximations for calculating its frequency: (i) the quantum well is treated as a square well instead of a quasi-triangular well; (ii) THz absorption caused by the inter-subband transition is neglected; (iii) the oscillation of electron density in the well can be described by the Possion equation. Although the full quantummechanical calculation can lead to more precise results, we believe that the qualitative behaviors of plasmon-related oscillation are captured sufficiently. With the electromagnetic boundary condition being included, the eigen-frequency of ASM mode can be approximated as follows 33 (the behavior of this plasmon is similar to that of ASM mode appears in the metal film with thickness much smaller than the skin depth):
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where x p is the plasma frequency of free electron gas given by (ne , n is the bulk electron density in the channel, and d 1 is the finite thickness of the electron channel layer used in this model.
A device with a 0.86 duty cycle grating gate (1.4 lm period) is shown schematically in Fig. 1 . The structure consists of 5 nm thin AlN barrier layer and Al 2 O 3 insulating layer. The insulating layer can protect the AlN/GaN epilayer from degradation during different processing steps. 27 The AlN layer of 5 nm is thinner than the critical thickness. 34 At the right side of Fig. 1 , the energy level and wave function of electrons in the quantum well at zero gate voltage and room temperature are presented after solving Poisson-Schrödinger equation self-consistently (by using the device simulator "Sdevice" packaged in the software tool "Sentaurus" 35 ). As can be seen, the electrons occupy only one subband of the quantum well. The energy interval between the first two subbands is 0.1 eV, which is about 3.8k b T (26 THz) at room temperature (T ¼ 300 K), and k b is Boltzmann constant. Due to finite temperature effects and optical phonons/impurities scattering, hot electrons still have a substantial probability of occupying the higher subband at room temperature and can be treated as bulk electrons after increasing the temperature.
The mobility used in this paper is 1200 cm 2 /V s at 300 K and the electron relaxation time s is about 0.14 ps. The thickness d 1 of 2DEG layer modeled is 10 nm, an intermediate thickness after considering the wave function and electron density distributions. The plasmonic oscillations along the channel are obtained by solving the Maxwell equations in the time domain (the electromagnetic wave solver "EMW" from "Sentaurus" is used 34 ). During the process, the Drudeconductivity 36 (r Drude ) is embedded to describe the local response of 2DEG in the channel under THz wave excitation. The solver "EMW" is written in the FDTD method, in which the current density oscillation J ¼ r Drude E, electron density oscillation and field distributions are obtained selfconsistently at each time step. So, the nonlocal interactions (screening behavior) of 2DEG in different parts of channel are included inherently during the process. Based on this, the dispersion properties of plasmonic spectrum can be obtained. 37 This case is similar to that described by Ref. 6 Since photoresponse is related to the incident THz wavelengths, 15, 22, 24 it is important to investigate the absorption properties of the device under excitation of THz radiation at different frequencies.
The absorption spectra of AlN/GaN HEMT under 4 V and À4 V gate voltages are schematically shown in Fig. 2 . It can be seen that the frequency domain of plasmon resonances exceeds the general definition of the THz band (0.1-10 THz). Additionally, the spectra can be divided into three categories, shown as a (a 1 , a 2 , a 3 ) , b, and c. When comparing the absorption spectrum under a 4 V gate voltage with that under a À4 V gate voltage, the resonant positions of peaks a and c (except for peak b) have obvious redshift. In order to show the differences between these plasmon resonances, the electric field distributions of the resonances are calculated with CW (continuous wave) excitation. For clarity, we present the electric field lines and oscillating charge distributions along the 2D channel of the device in Fig. 3 . It can be seen from the figure that the peaks a and c are related to the SM and ASM plasmonic oscillations with symmetrical and asymmetrical charge distributions, respectively. Fig. 3(b) clearly shows that the field induced by ASM plasmon is localized inside the channel due to the asymmetrical charge distributions. In contrast, the field induced by the SM plasmon spreads out of the channel and has a strong interaction with surrounding materials, such as the electrodes. Because of this interaction, the charge fluctuation of the SM plasmons is suppressed by the imaging charge in the electrodes. After taking into consideration the linear dispersion relation in the Eq. (1), the SM mode indexes of peaks a 1 , a 2 , and a 3 are l ¼ 1, 2, and 3, respectively. 26 Referring to the ASM plasmons, it can be seen that they are also induced by the polarization field distributed at the gate edge. But it should be recognized that the ASM plasmon is different from the inter-subband acoustic plasmon as shown in Ref. 38 (the acoustic plasmon is the plasmon in double channel system with charge density oscillating out of phase between the two channels) since that the charge density oscillation of ASM plasmon is vertical to the channel, while the charge density oscillation of inter-subband plasmon is along the respective channels. However, the ASM plasmons undergo a large decay along the channel without interacting significantly with the imaging charge in the electrodes and the amplitude of the plasmon-induced electric field in the middle of the channel reaches approximately zero. Since the peaks a and c (Figure 3 ) are related to the plasmon excitations under the gates, they are sensitive to the value of the gate voltage as mentioned above. Fig. 3(c) shows the plasmon-induced electric field distribution of peak b along the channel of device with larger grating slit. It is obvious that peak b is related to the plasmon excitation in the ungated part of the channel following the dispersion relation of Eq. (2) with mode index n ¼ 1 (this plasmon is also the so-called ungated plasmon as in Refs. 32 and 39). From Fig. 3(c) , we can see that the form of charge oscillation is similar to that of gated SM plasmons except for the case of strong interaction with electrodes. So, the frequency of the ungated plasmon is much larger than that of gated SM plasmon despite the lower electron density as shown in Fig. 2 . However, due to the larger plasma wave vector, leakage into the gated part of channel causes nonradiative decay of this plasmon (see Fig. 3(c) ). Additionally, the ASM plasmon in the ungated part of channel (not shown in this paper) can also been excited like that in Fig. 3(b) . It is surprising that the ungated ASM mode can be tuned by the (a 1 , a 2 , a 3 ) , b, and c. The electron density distributions along the y direction for the gated and ungated regions are shown in the inset after selfconsistent solving the Poisson's equation with polarization charge included in each layer.
FIG. 3. (Color online)
Plasmon-induced electric field distributions along the channel under THz wave excitation with the frequencies corresponding to (a) peak a 1 , (b) peak c, and (c) peak b in Fig. 2 , where the peak b is from the spectra of grating-gate device with 0.6 lm slits for better visualization. 2012) gate voltage and exhibits a much larger shift in frequency domain than that of ungated SM modes. These results require more detailed investigation and will be discussed in our future work. So, it is shown that the frequencies of several types of plasmon resonances in MOS-AlN/GaN can take places at higher frequency part of THz band than other III-V material at room temperature based on the Drude model. However, at frequency higher than 16 THz, the effect of optical phonon may not be neglected. When an electromagnetic wave passes through a sample, the electric field not only drives the free carriers to move but also couples with optical phonon modes and propagates as phononpolaritons, which give rise to the dielectric response. Therefore, it is necessary to take into account the lattice vibration contribution to the spectrum of plasmon in the 2DEG. A damped oscillator model is used to describe this dielectric response of GaN buffer layer
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where x TO /2p ¼ 16.9 THz is the optical phonon frequency, C l ¼ 0.51 THz is the lattice damping term (all these parameters in Eq. (4) Fig. 4 shows the calculated spectrum (solid line) of 2D plasmon with dielectric response caused by the phonon included, while the spectrum without phonon effect is also shown for comparison. At the Restrahlen band, most of incident waves are reflected, 41 and less energy can be transferred to the 2D plasmons. As can be seen, there is no significant change of plasmon resonant strength at frequency lower than 10 THz in spite of enhanced background absorption. The effect of phonon-polaritons begins at around 10 THz with reduced resonant strength of the 2D plasmon. At frequency higher than 10 THz, stronger absorption of propagating wave by the phonon obliterates the 2D plasmon resonance. Therefore, the Restrahlen range of GaN will affect 2D plasmon resonance at a frequency higher than 10 THz (higher order plasmons).
Additionally, the effect of electron-electron collision (viscosity) has also been recognized as a potential mechanism for the smearing of higher order modes in Ref. 26 figure) . In addition, stronger absorption strength (after eliminating the background absorption 9, 15 ) along with the narrowing of resonant linewidth can be found when compared with that of Fig. 2 . The stronger absorption can also be observed in Fig. 5 after comparing the absorption spectra of the two types of motilities under À3 V gate bias. The result is attributed to the fact that the plasmon dissipative damping can be lowered by increasing the electron mobility in the channel. Thus, to fully explore the detection capability of this device, it is important to improve the carrier mobility with reduced scattering caused by phonons, impurities, and interface roughness. To conclude, we have demonstrated that the plasmon resonances of AlN/GaN HEMTs can take places in wide frequency regions located at THz band. These wide resonant regions are caused by the ultra-high electron density induced in the channel and plasmon resonant excitation up to 6th order. It is shown that the dielectric response caused by phononpolariton interaction obliterates the higher order plasmons at frequencies higher than 10 THz. However, the viscosity contribution to the damping of plasmons is very small in these devices due to high Fermi velocity in the channel. Our results demonstrate the potential of these devices for THz applications.
